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In this report a method for estimating target velocity and accel-
eration is presented. A guidance law which uses the estimated target
acceleration is implemented in a simplified missile simulation and
results are compared with a similar model using proportional navigation.
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The method of estimating target acceleration has application to
radar guided missiles equipped with inertial sensors, since it requires

the measurement of range, range rate, line-of-sight angle and rate as
well as missile velocity.

e

This report is released at the working level. Because of continu- .
ing research and stidy, further modifications may be made to this work.

e e e L 8 Lo by AL

This effort, accomplished during the period June to August 1976, '
was funded hy AirTask 03P/03P2/008B/3F-32-311-000.

This report has been technically reviewed by A. J. Rice.

Approved by

S

Under authority of
%. B, PORTER, Heac . W. L. HARRIS, JR.
Weapons Department RAdm,, U.S. Navy
29 November 1977 Commander

Released for publication by
R. M. HILLYER

Technical Director (Acting)

e s A R 4 4 e o

e s

NWC Technical Publication 5913

Published By ..ovevvenvevsvssenes-oss Technical Information Department ‘ :
Col11ation .soveseeernssrorescosscsssesssasasessensss Cover and 24 leaves
First printing ...covevecrecencensencceceeseeesss 60 unnumbered copies

[
JERN—

. L. er A v T B ] -
..

T el et gt B K M
L A L s

. - . [
ca Pl .:!5: %f',!-w': ”:,, Ny LA

3
AR AT

i

.
R

aarien

ol ot . R e R L A
L RN ATt DRt w0 e I Frtbad s D it tpm A AT TR et



v i -
m,‘ifai‘”\; i M\ V' gg—w':;r}’}%g{. mwﬁ T YT R I T T R

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM

EPORT NUMBER 2. GOVT ACCESSION NO -RECI\'I ENT'S CA NuMBER
{
{1/ Wac<rp-5913 6:“

/" s Tm.r (and Subtitte) e ] f
> 9 _. A METHOD FOR ESTIMATING TARGET ACCELERATION I“teri‘“ JrudyV June te -
Augwec #8976,

/“\

AND ITS USE IN A MISSILE GUIDANCE LAW

e

MBER

e e

PR
ot - s it et

\ 7. AUTHOR(s) , ®. CONTRACT OR GRANT ER(e)
10 } ™ Richard Am 7 3;’{?‘278

9. PERFORMING ORGANIZATION NAME A — ~mt810. PROGRAM ELEMENT, PROJECT, TASK
F gg jj ; AREA & WORK UNIT NUMBERS
-~

Naval Weapons Center ATRTASK 03P/03P2/008B/

China Lake, CA 93555 3F-32-311-090
TN
11. CONTROLLING OFFICE NAME AND ADDRESS ; 12, .RERORI.DAFE~~"" it )A/
/L {| November 1977/ {4~
Naval Weapons Center {13, "NUNBER OF PAGES

China Lake, CA 93555 45

14. MONITORING AGENCY NAME & ADDRESS(TT dtlagent from Controlling Office) 18. SECURITY CLASS. (of thie report)

AN/ UNCLASSIFIED
(2720,
o {

1Sa. DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)
Distribution limited to U.S. Government agencies only; test and evaluation;
2O Tamerry=ddyi,  Other requests for this document must be referred to the
Naval Weapons Center. 2EINOVT D

t7. DISTRIBUTION STATEMENT (of the abastract entered In Block 20, 1f different from Report)

8. SUPPLEMENTARY NOTES A -

‘\;’ PR P
Fep 1 \
2

19. KEY WORDS (Continue or reverse slde if necessary and Identlfy by block numbor) A‘
. u LXR
guidance hE l -

target acceleration estimation e
simulation
miss distance

20, ABSTRACT (Continue on reverase slde il necessary and identily by block number)

See back of form,

DD ,FOfM 1473  E0ITION OF 1 NOV 65 IS OBSOLETE é/ i ;2
1N 73 EDITION OF 1 KoV ©) B iF €7 uncLassiFiED ‘\/./4;’

SECURITY CLASSIFICATION OF THIS PAGE ("hon Data Ente,

. — R Saiiednat ol s C T e R T ‘~'r’n “‘_\. 2 e .- - . .

,.‘,ﬁwzm,,y_a,&_g&mmwhwhw Ry o e e s R I t oo «fq

e Bx oy
Adadad 2 o R N N ORI S P IR oy

3




Ty T TV ey W ooy R e
R T I L G e 2 R et i o

>

UNCLASSIFIED

JLLURITY CLASSIFICATION OF THIS PAG £rt7hen Date Entered) i

(U) A Method for Estimating Target Acceleration <
and Its Use in a Missile Guidance Law, by Richard A. :
Bednar. China Lake, Calif., MWC, November 1977. ‘
45 pp. (NWC TP 5913, publication UNCLASSIFIED.) C

_—-—?EékThis report describes an algorithm for esti-
mating target velocity and acceleration using radar
and inertial sensor measurements as inputs. In order
to determine the accuracy and benefits of such an
estimator, the algorithm is incorporated into a
missile guidance law. Through the use of a simula-
tion, terminal miss distances are compared with a
similar missile using proportional navigation. Simu-
lation results indicate a reduction in migs distance
when such an estimate is used because of the
missile's ability to recognize and compensate more
quickly for the target maneuver.r::;\
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INTRODUCTION

If target acceleration could be measured, it is often thought that
it could be advantageously used to guide a missile. However, it is not
clear as to how to determine target acceleration, exactly what to do
with it ounce one has it, and what can be gained by having it. 1In a
limited sense, rhis report tries to answer these questions.

In the rec.ont past significant researchl-13 has appeared in open

literature describing terminal guidance laws purporting to be improve-
ments (in the sense of reducing terminal miss distance) over proportional
navigation. The derivation of such guidance laws is often based on
optimal control theory (see Footnote 4) and makes certain assumptions
about missile/target geometry and velocities in order to arrive at a
linear model more amenable toc analysis. In many cases the "optimal
guidance law consists of proportional navigation plus a term proportional

to the target acceleration, for example
A =nfis - L 1
o 78 (L)

1U.S. Army Missile Command, Redstone Arsenal. Optimal Controllers for Homing Missiles, by G. Willems. Huntaville,
Alabama, 11 September 1968. (Redstone Argsenal Report RE-TR-68-15.

Zy.s. Army Missile Command, Redstone Argenal. Optimal Controliers for Homing Missiles with Two Time Constants, by
G. Willems. Huntsville, Alabama, October 1969. (Redstone Arsenal Report RE-TR-69-20.

3E. 7. Axelband and F. W. Hardy. "Quasi-Optimum Proportional Navigation," in Insu. Flee. Flectron. Eng.. Trans.,
Automat. Contr., Vol. AC-15, No. 6 (December 1970).

I’A. E. Bryson and Y. Ho. Applied Opttmal Control. Blaisdeli Publishing Company, Waitham, Massachusetts, 1969.

5(:. J. Nazaroff. "An Optimal Terminal Guidance Law," in Inst. Elec. Electron. Eng., Truns., Automat. Contr.,
Vvol. AC~21, No. 3 (June 1976).

6J. L. Speyer. "An Adaptive Terminal Guidance Scheme Based on an Exponential Cost Criterion with Applicatlon to
Homing Missile Guidance,” in Inst. Elec. Electron. Eng., Trans., Automat. Contr., Vol. AC-21, No. 3 (June 1976).

7'l‘he Analytic Sciences Corpotation Adaptive Control and Guidance for Tactical Missiles, Volures I and II.
Reading, Mass., 30 June 1370. (Report no. TR170-1. ) 1970.

Naval Weapons Center. Irproved AIM-77 Guidmce law Stidy, by H. D. Nuffer. China Lake, California, NWC, August
1975, (Workirng papers.)

9Air Force Systems Command, Space System Divisfon. An Cptimom Interception ILaw with Bowaded Control in Prerence of
Notge, by N. E. Mahi and D. C. Sworder. AFSC, Washington, D.C., 1967. (Report No. SSD~TR-67-124.)

lol, A. Stockum and F. C. Welmer. "Optimal and Suboptimal Guidance for a Short-Range Homing Migsile," in Inst.
Elec. Electron. Eng., Trans., Aerospace Electron. Syst., Vel. aES-12, No. 3 (ay 1976).

nR. G. Cottrell. "Optimal Intercept Guidance for Short-Range Tactical Missiles," AIAA Jouraal, Vol. 9, No. 7
(July 1971) pp 1414-1415.

23, W, Rizhel. "Opeimal Terminal Guidance of an Afr-to-Surface Missile,' J. Spacecraft, Volume 5, No. 6
Junc 1968. .

US. M. Brainin and R. B. McGhee. "uptimal Biased Proportional Navigation," in Inst. Elec. Electron. Eng., Trans.,
Automut, Contr., Vol. AC~13, No. 4 (August 1968).
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where

A = commanded missile acceleration

= navigation ratio
= missile/target line of sight rate

aj = target acceleration

R = closing velocity

Such a guidance law is referred to in Footnotes 1, 2, 7 and 8. While

the derivation of Equation 1 can be mathematically derived in a routine
fashion without physical insight, it is also intuitively appealing. %
This can be seen by studying Figure 1 which shows a target and missile i
in the horizontal plane in two different positions (Figure la and b).

In both figures the target begins a hard turn at time t = t;. If the
missile is at the position denoted by t = ty in Figure la, a change of
line of sight, Aol, will be observed in a short time At. On the other

T T T

hand if the target is already at the position denoted by t = tq (Figure

1b) a much larger line-of-sight angle, AUZ, is observed in a similar time

lim Ac
At+0 At 2° its
means of guidance, it is seen that effectively the target maneuver is not

interval At. Noting that proportiocnal navigation uses ¢ =

ybaete At an sty s

fully detected until the target has maneuvered for some period of time.
The use of the targef acceleration term ap in Equation 1 causes the missile

to make a guidance correction as soon as the maneuver starts. As the simu-

lation results presented later in this report indicate, this results in a

more direct (shorter length) path between the target and missile and a

corr2sponding shorter time of missile flight than that obtained using
proportional navigation.

U B Ve uy S VO o

[N

In order to use the guidance law given by Equation 1, it is

YV

necessary to know the target acceleration, a,. The method most commonly
L

e

suggested is to use a Kalman filter. In this approach the target is

assumed to be undergoing continuous random maneuvers. It is nec-
1ave an estimate of the target maneuver statistics in ordes

to apply this technique. In addition, use of the basic Kalman
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VISSILE
MOTION

t=ty TARGET H
MOTION !

y -
(a) i
—t- X K
1
t=0
MISSILE
MOTION

<4 —@1=0
TARGET
MOTION

v (b)

FIGURE 1. Missile/Target Line-of-Sight Angles Acj and Ao, .
at "‘wo Different Times.
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filter algorithm assumes a linear model of the missile/target system
which implies small angle approximations in the kinematic eqi.ations. i
Another approach to estimating the target acceleration which also assumes H|
small angular changes in the missile/target line of sight is to relate

the target acceleration to missile acceleration, line-of-sight rate, and

acceleration (see Tootnote 7)

a, = RO - 2RC + a (2) %:

where §
R = range %

a = migsile normal acceleration %

o = line-of-sight acceleration . i

While R, R, 6 and a can be readily measured by existing sensors in
missiles, 0 is more difficult to obtain. Since O can be expected to be
noisy in the actual missile hardware, differentiation of g to obtain O :

is undesirable. A different approach to estimating trarget acceleration

o amATd benun,

is presented in this report. It is not necessary to make small angle
approximations or to have knowledge of target statistics but rather that

the target maneuver can be approximated by an arc of a circle whose

radius is changing with time.

In the remaining sections of this report the target velocity and

acceleration estimator is derived and analyzed after implementing it in

 amgvenae e P tas

a missile simulation. A guidance law similar to that given by Equation
1 is used to compare trajectories, time histories, and miss distances

with those obtained by using prcportional navigation. i
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DERIVATION OF TARGET VELOCITY
AND ACCELERATION ESTIMATOR

In this section of the report the basic algorithm for estimating
target velocity and acceleration is presented. Only the case when the

target and missile motion is constrained to a single plane is considered

s

here. The basic assumptions in the derivation are that the target speed
is constant and -t the target is either not maneuvering or is turning
in a circular arc. Simulation results are presented later in this report

when these two assumptions are not met.

Figure 2 shows the trajectories of the missile and target in a
common plane taken to be the horizontal inertial plane. As the missile
moves from the position denoted by (xm(tl), ym(tl)) to (xm(tz), ym(tz)),
the target moves on the circle from the position denoted by G(tl) to
denoted by e(:z). It may turn out that the target is not maneuver-
ing, i.e., the trajectory is a straight line like that shown between

times t = 0 and t = in Figure 2. However, this can also be thought

t
0
of as a circle; the radius in this case teing infinite.
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2

(xT hz),vT(tzn :

y
:

Y TARGET MOTION ;
FIGURE 2. Missile/Target Kinematics Used in Estimator Derivation, 5
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3 ‘g

In terms of the missile and target coordinates (xm(t), ym(t)) and ks

(xT(t), yT(t)), respectively, the range R(t) between target and missile ﬁ

is given by :

R(t) = \/Rz(t) + Rz(t) 3)

X y 4

where ﬁ

R () = xp(t) = x_(t) (4) :

Ry(E) = yp(t) = ¥, (t) (5) :

Evaluating Equation 3 at times t, and t,, we have the following ?

expression ) 3

E.

2 2 L2 2 2 2 4

R7(t,) - R7(ty) = Ro(£)) + R (t,) = Ry(ty) = Ro(ty) (6) ;

]

A

Using the definition of a derivative, we also have f

R(OYR(E) = 4 2% _ 1im RA(c + ) - RA(D) o

Tdt 2 h»o 2h 3

In Equation 6 let t, =t + h and t; = t, and substitute the result into i

Equation 7. ?‘;

2 2 2 §

R(eyie) = 1im Ry(t + h) Ry(t) 1im Rx(t: + h) - Rx(t) ;

“7 7 hvo 2h h»o 2h

R2(t) R2(t) :

s AR + ¢ g

dt p3 dt 2 a

4

= Ry(t)Ry(t) + Rx(t)Rx(t) g

8 ;3
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i
4
§
!
<

. Thus
RR = R R+ RR (8)
yy X X

s LA O G W
N —

v

Equation 8 is the first kinematic equation relating target and missile.

S 1

Another independent equation can be obtained from the line-of-sight

angle o(t) as shown in Figure 3.

et

=
—~
ot
~

o(t) = tan t =

}

(9)

~
ot
~

P P

S SaODes

e b et b by

Shs e s

<t 2 S e

P N

MISSILE
AT TIME t‘(?

-~
P

TARGET AT TIME t !

/
\

FIGURE 3. Missile/Target Geometry.
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Taking the derivative of Equation 9, we have

5.1 af¥
7 dt\ R
1+ (Ry/Rx) X
or
R% = RR_ - RR (10)
Xy Yy X

Equations 8 and 10 describe the missile and target regardless of the

motion of either.

At this point the assumption of circular target motion and constant
target speed is used. As indicated in Figure 3, the target normal
acceleration ap is directed toward the center of the circle and has

n

magnitude

a, =V.J0 (11)

where
VT = magnitude of target velocity

8 = angular rotation rate of target

a, = target acceleration normal to its velocity vector

n

Integrating Equation 11 betw.en t1 and tys we obtain

= (b, = £)) =V, [9(t2) - e(tl)]

or

. vT[e(cz) - 8(t

Tn t2 - t;

)
1
Sty ¥ t, (12)

10
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St aj\z@};‘ﬂf‘a«“ﬁ,—Q&g&i@J@' W Ag

S A

where tl and t2 are arbitrary times corresponding to different positions

of the target along the circular path.

The x and y components of the target velocity are given by

‘

5<T(t) =V, sgn(gy) sin 8(t) (13)
yp(t) =V, sgn(g,) cos 6(t) . (14)
where
iT(t) = X component of target velocity
§T(t) = y component of target velocity
8(t) = angular position of target (see either Figure 2 or 3)
+11if g, > 0
sgn(g,.) = T (15)
T -1 4f g, < 0
gT = aT /9-807 (16)

n

The use of sgn(gT) is to keep track of the direction of rotation about
the circle shown in Figure 2. Positive acceleration (gT > 0) is defined

to be in the counterclockwise direction while negative acceleration

(gT < 0) is defined to be in the clockwise direction. From Figure 3 we

also see that

Rx(t) R cos O

R sino

Ry(t)

(17)

(18)
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Equations 8, 10, 13, 14, 17 and 18 provide the basis for the target
velocity and acceleration estimator. Equations 8, 10, 17, and 18 can be

combined to give the following equations.

rsin O cos O kx RO
. = . (19)
cos 0 sin o Ry R

Inverting and solving for ﬁx and ky’ we have

ﬁx = -R0 sin 0 + R cos O (20)
ﬁy = RO cos 0 + R sin @ (21)

By definition

o e
il
»
t
4

X T m (22)
Ry = VYo~ Yp (23)

Rewriting Equations 13 and 14 and using Equations 20 through 23, we have
the following:

. = Y = R - c
Xy VT sgn(gT, gin O x + R cos 0 ~ RO sin ¢ (24)
Yp = VT sgn(gT) cos O = Y + R sin 0 + RO cos ¢ (25)

The magnitude of the target velocity is then

12
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02 02
VT A [xT + yT (26)
_ . . . .2 . : * 2
= xm-+ R cos 0 - RO sin ¢)" + (ym + R sin ¢ +RO cos 0)
and the angular position (see Figure 3) of the target is given by
V,sin 6 V_ sgrn(g.) sin B
tan 6 = V_ cos 0 VT sgn( T) cos 6 (27)
T 7 880{dy
Substituting Equations 24 and 25 into Equation 27 gives
X im + ﬁ cos 0 - RO sin ©
tan 6 = —% = B0 : (28) :
Yp Vg + Rsin 0 + RO cos © %
or
1 | % (B) + R(E) cos o(t) - R(£)G(t) sin a(t) :
B(t) = tan - - - (29)
ym(t) + R(t) sin o(t) + R(t)o(t) cos o(t)
Once 9(t) is determined at two different values, ty and t2 of time,
they can be substituted along with VT into Equation 12 to give the
target acceleration ay normal to its velocity vector.
n
In many cases it is not necessary to compute the arc tangent as
given in Equation 29; an approximation works equally well. If we let
At = ty =t = "sampling interval (30)
we can use Equa.ion 28 to write Equation 12 as :
13 :
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Ve [9(2:2) - 9(t1)]

a =
T At
At Vp(ty) Yp(ty)
or
ay At % (t.) % (t)
tan vn = tan |tan (—-1&—2)—) - tan ! (—%%—) (32)
T Ypity Ypity

A trigonometric identity can be applied to the right side of Equation 32
to give the following

% (t,) x.(t;)
ay At tan [tan-l (—.T(tz) ] - tan [ta.n—l <'T(tl)>J
tan n - { Yp Yplty
t

2
v %t \] %, (t)
T ~1 /772 ~1 T "1
1l + tan [tan <9T(t2)>] tan [tan (“"T(t}))]

xp(ty)  Xp(ty)
olty) ~ Foulty)

(33)
) xp(ty))  x.(t))
MEACRRE AN
Iplty) Ypihy
aTnAt aTnAt
If we assume that we can replace tan v by v ve have the
following T T
o io {b%) - bty } (34)
Tn At )1 + b(tz) b(tl)
14
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g S where :
g T :

: ;
N ?}: . K
g‘ 5 x.(t) ;
b b(t) = - (35) )
& ;
The approximation that
a, A At
Tn j aTn
tan \— = 5 (3v)
T T

though not necessary, would seem to be realistic for most applications.

For example, if the target is pulling 10 g's, (aT = 98.07 meters per
n

B AR T RS PR T A S e P A

% second squared (m/sz)), the target velocity is 200 m/s (656 fps) and
% the accelerztion is to be estimated every tenth of a second (At =

0.1 sec), we have

ay At
V“ = 0.049035 radians
T
while
ar At
tan LU 0.049074 radians

Vr

As Equation 36 indicates, the smaller the target acceleration, the

shorter the time interval between estimation samples and the higher the

target velocity, the better the approximation in Equation 34 will be.

All of the simulation results presented later in this report estimate

the target acceleration by using Equation 34. '
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While Equations 31 or 34 can be used to estimate the target

acceleration normal to the target velocity vector, it is not this

acceleration that is used in the guidance law given by Equation 1 but

rather the acceleration perpendicular to the lin¢ of sight between

target and missile. This component of the normal acceleration can be

determined from the geowetry shown in Figure 4. The component of target

acceleration perpendicular to the line of sight is

a8, = j|a
|

‘ sin (0 + 9) (37)
n

a, can thus be determined by using Equation 29 to determine 9 and
1

either Equation 3. or 34 to determine a; while the line-of-sight angle
n

0 is assumed to be measurable. The purpose of the absolute value of aTn

instead of just ap is to account for the direction of rotation of the

n
target and to assign a direction to A
L

MISSILE
0 = LINE OF SIGHT

Uy

FIGURE 4. Geometry for Determining Target Acceleration ap
Perpendicular to Line of Sight.

16

ot A et <

Bt L 0] ¢




e
4

T AT s ot e e e LR

ReERE G R R

R

PR

1

S O M

AR
EaN

)

T

TR

bk

Wﬁgﬁ}%'" By A Batisat

NWC TP 5913

An alternate expression for ap can be obtained by expanding
il
Equation 37:

a, = |a, |(sin 0 cos 6 + sin 6 cos ) (38)
T, Tn

Substituting Equations 13, 14, 17, and 18 into Equation 38, gives

PN

PR

[*Y
(]

R y X R
oy 1|2 sty * Tt &
T, Tn R VT sgn(gT) VT sgn(gT) R

laTnI sgn(aTn)(Rny + xTRx)

VTR

X T)
V.R (39)

aTn(RyyT + R x

In this form ap, can be obtained without computing the arc tangent
shown Iin Equation 29 as long as the approximation in Equation 36 is

accepted. The components of target velocity, iT, §T’ shown in

Equation 3¢ are given by Equations 24 and 25.

SUMMARY OF ESTIMATOR ALGORITHM

The method of determining target velocity and acceleration for a
target following a circular path, as derived ir the previous section,
provides the basis of the general target velocity and acceleration

estimator. Using those results, the algorithm shown in Figure 5 is

PR

obtained. In this figure the symbol . is placed over the estimated !
variables to distinpuish them from the true variables.

SR ai
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v [ GIVEN: ESTIMATOR UPDATE RATE At i
% l
3 v |
43 ~ ry
ESTIMATE COMPONENTS X, V.. OF FROM SEEKER AND
TARGET VELOCITY T INERTIAL SENSORS
%p = kM+éc030 —~-RGOSING R = RANGE
. R = CLOSING VELOCITY
o . o
=y, ,+RSING +RGCOS O
Yr = Yy 0 = LINE OF SIGHT ANGLE
0 = LINE OF SIGHT RATE
xp = % COMPONENT OF

ESTIMATE MAGNITUDE OF TARGET |
VELOCITY Uy

MISSILE VELOCITY

¥y = ¥ COMPONENT OF
MISSILE VELOCITY

6 \/e2_,¢2
VT xT +YT

v

USING ESTIMATES ;.:T AND 31. AT TWO DIFFERENT TIMES,

ESTIMATE TARGET ACCELERATION GT NORMAL TO (TS VELOCITY VECTOR
n

A
x_ (t— At
blt—do = oI——
N yT(t—At)
2
x__ {t}
b1 '—,.\—T——-
yT(t)
A
¢ ) Vo {b(t)—b(t—At) }
Ta At 1+b ()b {t—Ar)

!

ESTIMATE TARGET ACCELERATION & NORMAL TO LINE OF SiGHT
BETWEEN MISSILE AND TARGET L

f_ = RCOSO 8
X - v
R, = RSINO ] Ty T

FIGURE 5. Target Velocity and Acceleration Estimator Algorithm.
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One of the inputs to the estimator algorithm is the time interval
At between estimates of the target acceleration. From the point of
accuracy it would be desirable for this interval to be gmall while from
a computational burden point it would be desirable for At to be large.
Simulation results, some of which are presented later in this report,
indicate that a value of At = 0.1 sec provides reasonable accuracy in
the estimate. Additional inputs to the estimator include range, range
rate (closing velocity), line-of-sight angle and rate as well as components
of missile velocity. Note that the line-of-sight angle and components
of missile velocity are referenced to an inertial system and not to the
body of the missile. The components of target velocity, iT, &T, are
then estimated using these inputs and Equations 24 and 25. The magnitude
VT of the target velocity is then obtained from Equation 26.

In order to estimate the target acceleration it is necessary to
estimate and store the components of estimated target velocity at two
times separated by the sampling interval At. Equations 34 and 35 are
then used with tl = t - At and ty = t to estimate the target accelera-

ation normal to its velocity vector. Finally, Equation 39 is used to
estimate the target acceleration normal to the line of sight between

target and missile.

EVALUATION OF ESTIMATOR

In order to gain some insight into how well the estimator works and
what can be gained in the way of improved missile performance by using

such an estimator, a simple model of a missile and target was constructed

and simulated on a digital computexr. The accuracy of the estimator was
observed by comparing estimated values of target velocity and accelera-
tion with exact values. This was done under conditions not satisfying
the assumptions under which the estimator was derived as well as under
those conditions for which it was derived. Time histories of missile

acceleration and missile/target trajectories were compared. The variable

19
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in the comparison was the guidance law, i.e., missile performance was com-

pared with and without the target acceleration estimator in the guidance
law. The two guidance laws compared were

AR A R BT AR

P

A_ = NRO (proportional navigation) (40)

A T
=]

B L ag At

and
- R - 1 A
Al N|(Ro ZS(tgo)aT (41)

where

A = commanded missile acceleration measured in the wind

¢ axis system
N = navigation ratio = 3

0 = missile/target line-of-sight rate

ﬁT = estimated target acceleration perpendicular to the
; A  missile/target line of sight

R = closing velocity

14if ¢t >t sec

= go — gony 42
S(tgo) 0if t_ <t M gec (42)

tgo = R/R (appreximate "time to go" until intercept) (43)

This is essentially a comparison of proportional navigation with pro-
portional navigation biased by the estimated target acceleration. A
comparison of Equations 1 and 41 reveals the addition of a switch S(tgo)
in Equation 41 which switches the estimator out of the guidance law when

the approximate "time-to-go" until intercept, tgo’ is legs than some
small value t

9onin’ The use of this switch is included because in
min
some cases the estimate of turget acceleration became pcor when the time

to go until intercept became less than 0.5 sec {see Figure 14 for

20
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example). This decrease in accuracy of the estimator is thought to be
due to the inherent instability of the kinematic equations as the range
R goes to zerv., In the simulation examples presented later, values of
tgomin of 1 and 2 sec were used. In all example trajectories presented
below, with the exception of Example 5, the target acceleration estimate

QT used in Equation 41 was updated every 0.1 sec. Between updates

L
the target acceleration estimate is held constant at the value of the
most recent estimate. The constant 1/2 appearing in Equation 41 results
from theoretical guidance law studies (see Footnotes 1, 7, and 8) based
on simplifying assumptions. No attempt was made to optimize this

parameter. Its value could be determined by a Monte-Carlo study.

SIMULATION MODEL

The missile and target were modeled as point masses. Only motion
in a horizontal plane was considered. A constant missile velocity of 1
kilometer per second (.54 nautical mile per second) was assumed.
Target motion varied from one missile/target encounter to the next as
described in the example computer simulations described below. The
commanded missile accelerations as given by Equations 40 or 41 were ;
applied to an acceleration command limiter and second order airframe
model as shown in Figure 6. Numerical values of the parameters appear-
ing in Figure 6 correspond to a missile currently under investigation i
and are discussed further in the examples shown below. Missile accel-

eration A.m is converted from wind axes‘to inertial coordinates and

integrated to give velocity. Since the magnitude of the missile wvelocity
will tend to increase slightly due to numerical integration errors, the
magnitude of the velocity is normalized to the assumed constant value of

1 kilometer per second (.54 nautical mile per second). The resultant com-
ponents of missile velocity are then integrated to provide missile position
so that the relative position of the missile and target can be computed.

Loy, Ztkin, Oynamics of Flight, John Wiley and Sons, New York, 1959,

21
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ACCELERATION LIMITER AUTOPILOT-SERVO-AIRFRAME

w2
n
T - r.--_.__...._..A
2 2 m
s“+tws+w
n n (ACTUAL NORMAL
ACCELERATION)

A
Me

(COMMANDED NORMAL
ACCELERATION)

~Amax

W, = AUTOPILOT-SERVO-AIRFRAME NATURAL FREQ (RAD/SEC)
{ = AUTOPILOT-SERVO-AIRFRAME DAMPING RATIO = 0.707
§ = LaPLACE TRANSFORM VARIABLE

FIGURE 6., Missile Pitch Plane Model.

It is noted that the use of the target acceleration estimator given
in this report is not restricted to or derived on the basis of this
simplified model, but rather it is being used as a simple tcol to study
its performance. On the following pages a number of example missile/
target encounters which compare missile performance with and without the

target acceleration estimator are simu:lated and discussed.

Example 1. In this example the missile and target are initially
separated by 22 kilometers (11.9 nautical miles) in a head~-on sitvation.
Time t = 0 sec is taken to be the time of the beginning of the endgame
encounter. Numerical values of the missile parameters shown in

Figure 6 are given in Table 1. As shown in Figure 7, for 6 sec after

line trajectory and then begins a 5~g turn in the counterclockwise
direction. Figure 7 compares the trajectories of the missile with the
use of the target estimator and without it (proportional navigation).

As can be seen from this figure, the use of the target acceleration
estimator provides a more direct or shorter trajectory to the target due
to its ability to compensate for the maneuver. Both missiles guided
successfully to the target, however. Figure 8 compares exact missile
velocity and acceleration with those computed using the estimation

technique given in this report. The quality of the estimation is seen

22
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TABLE 1. Missile and Target.Simulation Parameters.

. Example
Parameters 1 .2 3 4 5
Missile
Afrframe natural frequency 6.4 1.28 6.4 6.4 6.4
w“, sec”
Airframe damping ratio, 0.707 0.707 0.707 0.707 0.707
Velocity, meter/second 1000.0 1000.0 1000.0 1000.0 1000.0
Altitude, kilometer 6.0 23.0 6.0 6.0 6.0
Maximum acceleration 15.0 5.3 15.0 15.0 15.
(A in Figure 6)
: max
s Estimator update G.1 0.1 0.1 0.1 0.01
i interval At, sccond
% Target
% Velocity, meter/second 379.0 1036.0 379.0 Sinusoidal | Sinusoidal
£ (Mach 1.2) | (Mach 3.5) | (Mach 1.2)
i Altitude, kilometer 6.0 23.0 6.0 6.0 6.0
B Maneuver magnitude, g's 5.0 2.0 5.0 Variable Variable
“t Monouver iniriation, 6.0 Varjable 6.0 0 0
: second .
z Maneuver time constant, 0 0 1.0 ves cee
H second
H Range from missile at 22,0 28.0 22,0 22.0 22,0 '
i launch, kilometer
¢
{
;
{
!
&

10.0
ALTITUDE = 6 KILOMETERS
MISSILE VELOCITY = 1000.0 m/s
TARGET VELOCITY = 379.0m/s (MACH 1.2)
78 |~ TARGET MANEUVER » 59 TURN INTO MiSSILE STARTING AT t=6.0SEQ
INITIAL RANGE = 22 KILOMETERS {11.9 NAUTICAL MILES)
£ 50—
3 w
'—
3
] 25 WITHOUT TARGET ACCELERATION
] g “°rr t=6 SEC 1=0
s
93 -0 t=6SEC -
‘ < 00 t — O e MARZLIT it DO
) > [ Bl N2 TARGET MOTION
: MISSILE - G 4
A MOT
1 OTIoN WITH TARGET ACCELERATION
1 —2.6 -
3 50 ] 1 1 1. i i i |
\ 0.0 2.5 5.0 7.6 10.0 12,5 15.0 17.5 200 225
3 X AXIS, KILOMETERS
3 FIGURE 7. Missile and Target Trajectory in the Horizontal Plane

for Example 1.
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FIGURE -8. Comparison Between Estimated and Actual Target
Acceleration and Velocity for Example 1.

24

e ———— i A PO T—_m




B R R S RS I S A S £

B e e R R SR

- e . R N—

e e e A s S

NWC TP 5913

20.0

[

ALTITUDE = 6 KILOMETERS . — _ ACTUAL ACCELERATICN = A_ :
TARGET MANEUVER = -5¢ COMMANDED ACCELERATION = A_ :

c

10.0 - '
TARGET ACCELERATION ESTIMATOR
SWITCHED QUT OF GUIDANCE LAW

NORMAL ACCELERATION, g-S
[
=}

hS
TARGET MANEUVER
f 100 INITIATION
~20.0 I 1 1 ] | ]
0.0 25 5.0 7.5 10.0 12,5 15.0 17.5
TIME UNTIL INTERCEPT, SEC
{a) WITH TARGET ACCELERATION
20.0 '

» .
L ALTITUDE = 6 KILOMETERS — =~ — ACTUAL ACCELERATION = A
z TARGET MANEUVER = -89 COMMANDED ACCELERATION = A_ ‘
o <
2 100 '
o
w
-l
w
Q
Q
S oo S
3 0
z
=3 TARGET MANEUVER
z INITIATION

~10.0 1 ] i ] j i

0.0 2.5 5.0 15 10.0 12,6 15,0 "17.6

TIME UNTIL INTERCEPT, SEC
{b) WITHOUT TARGET ACCELERATION (PROPORTIONAL NAVIGATION)

. FIGURE 9. Missile Acceleration Profiles for Example 1.
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to be very good. Figure 9 compares missile acceleration with and without
the target acceleration estimator. The acceleration Am and Ay shown
s c

in this figure refer to those shown in Figure 6. As shown in Figure 9,

the target begins to maneuver when the time until intercept is approxi-

mately 11 sec.

Comparing missile acceleration profiles with and without the target
acceleration estimator show that the missile with the target acceleration
estimator effectively reverses its direction approximately 2 sec sooner
than the one without the estimator. This ability to detect the maneuver
earlier results in its more direct trajectory for the missile with target
acceleration estimator as shown in Figure 7. Again referring to Figure 9,
an abrupt change in the commanded acceleration occurs in the missile em-
ploying the target estimator when the time until intercept is approxima-
tely 2 sec. This is due to the estimator being switched out of the guid-

ance law given by Equation 41 when Tgo = 2 gec in Equation 42.
min
This example was repeated using a maximum missile lateral accelera-

tion of 5 g instead of 15 g. The missile using proportional navigation
missed the target by 440 meters while the missile employing the

estimated target acceleration missed by less than 4 meters.

Example 2. The ability of the missile with the target acceleration
estimator to more quickly change its course when a maneuver starts and
to follow a more direct trajectory as indicated in Fxample 1 was thought
to be of particular advantage at high altitude where missile maneuverability

is low and airframe response is slow. In this example, the altitude of
missile and target is changed to 23 kilometers. Maximum missile
acceleration is limited to 5.3 g's while the target maneuver is taken to
be 2 g's as indicated in Table 1. Figure 10 shows the trajectories of
target and missiles with and without the target acceleration estimator
for t > 6 sec where t = 6 sec 1s the time at which the maneuver starts.
As in Example 1 the use of target acceleration estimation provides a

more direct path to the target. In this case the missile without the

26
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target acceleration estimator missed the target by 60 meters while the
nissile with the estimator came within 5 meters of the target. (In all
examples considered in this report the simulation was stopped whenever
the missile came within 5 meters of the target.) The corresponding
missile acceleration time histories are shown in Figure 11. From this
figure it can be seen that because the missile without the acceleration
estimator is acceleration limited the last 4 sec of flight, it is unable
to reach the target. However, the missile with the target acceleration
estimator reverses its acceleration sooner after the maneuver starts and
is able to guide to the target. Figure 12 shows the comparison between
true and estimated target acceleration and velocity; again the agreement

is very good.

6.0

ALTITUDE = 23 KILOMETERS

MISSILE VELOCITY = 1000.0 m/s

TARGET VELOCITY = 1036.0m/s (MACH 3.5)

40 - TARGET MANEUVER = 2—g TURN INTO MISSILE STARTING
. N AT t = 6 SEC
w INITIAL RANGE = 28 KILOMETERS (15.1 NAUTICAL MILES)
i
L o20 [— .
Ny =8
= ﬂ-----.sn”—_?/\fﬁGET !
-l n"-o - cpm—
% o _,_-—-"‘ MOTION
9 00 - MISSILE
X MOTION
«we==== WITHOUT TARGET ACCELERATION
> wmeeomsoms WITH TARGET ACCELERATION
~20 f-
4o 1 | | L1 1 | I
4.0 6.0 8.0 10.0 12,0 14.0 16.0 18.0 20.0 22,0

X AXIS, KILOMETERS

FIGURE 10. Missile and Target Trajectories in the Horizontal Plane
for Example 2.
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FIGURE 11, Missile Accel. :ation Profiles for Example 2.
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/ FIGURE 12. Comparison Between Estimated and Actual Target Accelera-
tion and Velocity for Example 2.
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The previous paragraph was concerned with a target maneuver start-

ing 6 sec from the beginning of the endgame. In Figure 13 are shown

miss distances for target maneuvers of the same acceleration magnitude
but starting at different times. As this figure indicates, significant
4 miss distance reduction is possible. In the case when the maneuver
starts 12 sec after the terminal encounter begins, the miss distances
with and without the target acceleration estimator are the same. This
is due to the maneuver being started when the time until intercept is
less than 2 sec. In this example, 2 sec until intercept was also chosen
to be the time at which the estimator was switched out of the guidance

law given by Equation 41. Thus, for the case when the maneuver starts

at 12 sec into the endgame, the target acceleration estimator was
actually not used and the missile response is the same as if propor-

tioral navigation had been used, leading to the same miss distance.

Example 3. In the previous examples it was assumed that the target
was moving with constant velocity and instantaneously changesl its
acceleration from one constant level to another (see Figure 12 for
example) . These two assumptions ar: the basic assumptions under which f
the estimator was derived, and we would expect good results under these
conditions. In this example the second assumption is removed, but the
first assumption (constant target velocity) is retained. More speci-
fically, the target is switched from 0 to -5 g's starting 6 sec after

the endgame begins but changes level exponentially (see Figure 14).
Thus the target acceleration is modeled by

-(t-6)/'rT
gp = 9o l1-e for t > 6 sec (44)
c
where

gp = target acceleration (gravity units)
gp = commanded target acceleration = -5 g's .

c

T_ = target time constant = 1 sec
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ALTITUDE = 23 KILOMETERS

MISSILE VELOCITY = 1000.0 m/s

TARGET VELOCITY = 1036.0m/s (MACH 3.5)

TARGET MANEUVER = 2g TURN INTO MISSILE

INITIAL RANGE = 28 KILOMETERS {16.1 NAUTICAL MILES)

MISS DISTANCE, METERS

FROPORTIONAL NAVIGATION WITH TARGET ACCELERATION //
N
,/ \\ ,I
10 \ / \ /
- \
\ / \ /
\ / N\ /
\ / N\ /
N N/
(V4 \/
o ] | | | ] B
0 2 4 6 8 10 12

TIME OF TARGET MANEUVER INITIATION, SEC
(MEASURED FROM BEGINNING OF TERMINAL ENCOUNTER)

FIGURE 13. Effect on Miss Distance Caused by Including Target
Acceleration Estimation in the Guidance Law.
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FIGURE 14, Comparison Between Estimated and Actual Target

Acceleration and Veloeity for Example 3.
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Simulation parameters are given in Table 1. This example diifers
from Example 1 only in that the target time constant TT is 1 sec in this
example and 0 sec in Example 1. Tra,ectories of the target and the
missile with and without the target acceleration estimator are shown in
Figure 15. Again, the missile that employs the acceleration estimator
follows a more direct (shorter) trajectory to the target than the same
missile without the estimator.

7.6

ALTITUDE = 6 KILOMETERS

MISSILE VELOCITY = 1000.0 m/s

TARGET VELOCITY = 379.0 m/s (MACH 1.2)

50 TARGET MANEUVER = 59 (EXPONENTIAL) TURN INTO MISSILE STARTING AT t=6 SEC
) INITIAL RANGE = 22 KILOMETERS (11.9 NAUTICAL MILES)

17

& WITHOUT TARGET ACCELERATION
[ - .

W 25 t=6SEC  t=0

9

| t=6SEC

G 00 P e T T T e e SN

x MISSILE

< MOTION

>

-25 -~ WITH TARGET ACCELERATION

_5.0 | L ] | 1 L 1 i |
0.0 2.5 5.0 ‘75 10.0 125 15.0 17.6 20,0 22,6 23.0
X AXIS, KILOMETERS

FIGURE 15. Missile and Target Trajectories in the
Horizontal Plane for Example 3.

The accuracy of the estimator for this example is indicated in
Figure 14. The accuracy of the target velocity is nearly perfect. This

follows since the target has constant velocity and this is one of the

two assumptions in the derivation of the estimator. Also, the est.imator
determines the target velocity first and then the target acceleration
(not vice versa), so even though the target acceleration is not of the
form that was used to derive the estimator the target velocity estima-

tion is not affected. The target acceleration is still good although it
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tends to lag in time the true value at the time the maneuver begins (see
Figure 14 with "time until intercept" = 11 sec). Also, the estimate
deteriorates the last fraction of a second. Since the estimator was
switched out of the guidance law (Equation 41) when the time until

intercept was less than 1 sec, this had no effect on the missile guidance.

Example 4. 1In this example the target is modeled in such a way
that reither of the assumptions used in the derivation of the estimator

is satisfied. The coordinates xT(t), yT(t) of the target are taken to
be

xT(t) - xT(O) -V_ t (45)

%z
yT(t) = Yoax sin wlt . (46)

where

Vx = magnitude of x component of target velocity = 379 meter/sec
T
Ymax
wl = frequency of oscillation = (,24257 rad/sec

= maximum y component of target position = 2000.0 meters

Substituting Equation 45 into 46 gives

YT(t) ® Ynax sin {w(xT(O) - xT(t))] (47)
where
= 48
w = wllvxT (48)
= 0,000640 rad/meter (49)
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Thus, by Equation 47 the target follows a sinusoidal trajectory in the
horizontal x,y plane.

Differentiation of Equations 45 and 46 gives

:‘:T(c) = -V"-r (50)
Yolt) = ymamexT cos En(xT(O) - xT(t))] (51)
and
V. = 02 02
T xT + yT
= Xy, \/& + ymixw2 cosz[w(xT(O) - xT(t»] (52)
where

VT = target velocity

Thus the target velocity varies between

V. = 379 meter/sec
X,
T
and

Vx 14y 2 w2 = 615.6 meters/sec
T max

Using a result from Footnote 15, the target acceleration normal to its
path is given by

ap Ty (53)

151\. I. Cook and D. N, Pierce. Uynamics, International Textbook Company, 1960, page 13.
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Differentiation of Equations 50 and 51 and substitntion into Equation 53
gives

; 2.2
g ? Y s Vx'r sin[w(x(O) - xT(t»]

ma
{ ( - = -, - (54)
r X aTn ﬁ + ym;xl.u2 cosz[w (x(O) - xT(tf)]

Thus the target normal acceleration varies between

‘ ty wiv? = *117.7 meters/sec2 = $12 g's

X X
‘ From Equations 52 and 54 it can be seen that the assumptions used to
i derive the target velocity estimator, i.e., constant velocity and

piecewise constant normal acceleration, are not satisfied.

Figure 16 compares the trajectories of target and missile; the
latter with and without the target acceleration estimator. As in the

other examples, use of the target acceleration estimator provides a

more direct trajectory to the target. Flgure 17 compares estimated and
actual target acceleration and velocity. While the target acceleration
estimate is certainly not perfect, the estimated acceleration provides

enough bias in the guidance given by Equation 41 to reduce the miss

distance from 30 meters using proportional navigation (i.e., no target

el X V& e
é IR AT ST e 5 S R el T AT
»‘W* R f

3o

acceleration estimate) to 8 meters with the target acceleration estimate.

IVE

T T

Figure 18 compares missile acceleration with and without the target
acceleration estimator. As has been observed in many simulation runms,
% there is a tendency for the missile using the target acceleration esti-
o mator to be less g-limited (i.e., require less available acceleration
normal to its flight path) than the missile using proportional naviga-
: tion. A discontinuity in the commanded missile acceleration occurs at
; approximately 1.25 sec until intercept (see Figure 18). This is due

; to the target acceleration estimator being switched out of the guidance .
§ law given by Equation 41 when the estimated time until intercept (as

E given by Equation 43) is less than 1 sec.

i
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7.5
ALTITUDE = 6 KILDMETERS
MISSILE VELOCITY =~ 1000.0 m/s
TARGET MANEUVER VARIES BETWEEN $12g's
50 b INITIAL RANGE = 22 KILOMETERS {11.9 NAUTICAL MILES)
w
&
e 25 WITHOUT TARGET ACCELERATION
) MISSILE PPl e
% MOTION T e ‘\\ TARGET
2 00 p—>r" - N MOTION
< t=0 S~ ~ t=0
” / ~
—25 }— WITH TARGET ACCELERATION
-5.0 | | 1 | 1 4 | 1
0.0 2.5 5.0 7.5 10.0 12,6 15.0 12.5 20.0 22,5

X AXiS, KILOMETERS

FIGURE 16. Missile and Target Trajectories in the Horizontal Plane
for Example 4.

Example 5. This example differs in only one way from
Exemple 4. In Example 4 (as well as all the other previous examples)
the time interval between which samples of range, closing velocity,
line-of-sight angle, line-of-sight rate, and missile velocity which are
used to estimate the target acceleration was taken to be 0.1 sec. In
this example the time inuerval is decreased by a factor of 10 to 0.0l sec
to see if the estimated acceleration as given by Figure 17 would be
improved by increasing the sampling rate. Figure 19 shows the comparison
between estimated and true target acceleration and velccicy for the
smaller sampling interval (At = 0.0l sec). Comparison of these results
with those given in Figure 17 which uses the longer sample interval
(At = 0.1 sec) reveals little improvement. Consequently, the missile
trajectory and acceleration time history for this example are essentially

the same as those shown in Example 4.
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’ Acceleration and Velocity for Example 4 (Sampling interval
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FIGURE 18, Missile Acceleration Profiles for Example 4.
39




g e a0 Gl Eee b Sefia SO A KA ) il s ) Frmican e
SRS ST S R YIS Ut R G T s R I A S e Rl
X :

NWC TP 5913 !

800.0 *

TARGET VELOCITY, m/s
b
8
o

emee  ACTUAL VELOCITY
0O ESTIMATED VELOCITY

200.0 |-
i
0.0 ] I | | ] 1 A
0.0 25 5.0 75 10.0 125 15.0 175
TIME UNTiL INTERCEPT, SEC
{a) . ;
16.0
1
100

www ACTUAL ACCELERATION
O ESTIMATED ACCELERATION

° o
o o

TARGET ACCELERATION, g-S
1
o
o

-10.0

» 150 1 ! 1 i 1 l
0.0 25 5.0 75 10.0 1256 15.0 175

TIME UNTIL INTERCEPT, SEC ‘ :
(b} .

FIGURE 19, Comparison Between Estimated and Actual Target
Acceleration and Velocity for Example 5 (Sampling interval
At = 0.01 sec).
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SUMMARY AND CONCLUSIONS

In this report a simple algorithm is presented for estimating target
velocity and acceleration. The algorithm uses as inputs the measure-
ment of range, range rate, line-of-sight angle, line-of-sight rate, and
missile velocity. The estimated target acceleration is then included in
a missile guidance law and the effectiveness of such a missile compared

to a similar one using proportional navigation.

The primary advantage of a missile using a target estimator is that
it provides a more direct (shorter) trajectory between missile and
target due to its ability to correct for target maneuvers more quickly.
When proportional navigation is employed, there is a tendency for the
missile to be acceleration limited (i.e., pulling maximum g's) near the
end of its trajectcry as the missile tries to compensate for the
maneuver. The use of the target acceleration estimator in the guidance
law provides a means of correcting for the target maneuver more quickly
and thus fewer target misses due to missile g-limiting. This would seem
to be of .particular advantage at high altitudes where missile maneuver-
ability is limited and airframe response is slow (see Figure 13). An
additional advantage of the use of target acceleration estimation in the
guidance law is a slightly shorter time of flight (0.2 to 0.5 sec for the
examples considered in this report) until intercept with the target.

The price to be paid for target acceleration estimation is in terms of
additional sensors and system complexity. A comparison of Equations
40, 41, and the target acceleration estimator as given by Figure 5
reveals that in order to estimate target acceleration the additional
variables (i.e., those variables in addition to closing velocity and
line-of-sight rate used in proportional navigation) that need to be
measured are range, line-of-sight angle, and missile velocity. 1In
addition, a small computer is necessary in order to implement the

acceleration estimator as diagrammed in Figure 5.
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The estimation algorithm presented here appears to provide a fairly
good estimate of target acceleration for the noise-free cases considered.
In the actual missile one can expect incorrect measurements of range,
range rate, level-of-sight rate, etc., needed to implement the algorithm
presented in this report. These measurement errors can result from
glint, clutter, receiver noise, eclipsing, countermeasures, etc. The
sensitivity of the estimator to these noise sources was beyond the scope
of this study.

only one guidance law (i.e., the one given by Equation 41) was
investigated in this study. Also, the estimator given here appears to
estimate target velocity more accurately than target acceleration (see
Figure 17 for example). Unfortunately, there seems to be little in the
way of guidance laws based on target velocity rather than on target
acceleration. As mentioned previously, che weighting factor of 1/2
appearing in Equation 41 results from optimal control theory based on
simplifying assumptions. It is not known how sensitive terminal dis-
tance is to this parameter. The method of switching the target accelera-
. : tion estimator out of the guidance law (Equations 41 and 42) produces an
abrupt change in the commanded acceleration (see Figure 18 for example).
It may be more desirable to gradually switch the acceleration out of the
guidance law than to use Equation 42. In an analog circuit a "soft"
switch can be implemented using a low-pass filter in conjunction with

Equation 42. Digitally, it can be done by replacing Equation 42 with

n
t

S(tgo) = ro n
1+ rt‘.gO
where n and r are positive numbers which can be chosen to provide a less

abrupt switch than in Equation 42.

Lastly, the estimator given in this report was derived under the

assumption of target and missile coplanar throughout the endgame. While

it is felt that the generalization from twc to three dimensions would be

£ a2 ,

PP R

e e Mht A S L A b




ST TR R

o e A P T =

NWC TP 5913

straightforward, this has not been done at this time but would be

necessary if such an estimator were to be actually implemented in a
missile.

While this report is mainly concerned with using a target velocity
and acceleration estimator in a missile, another possible application .
would be in the launch aircraft itself as a missile fire control indi-
cator. A proposed method for indicating when the missile should be
launched uses precomputed launch regions (launch envelopes) that indi-
cate to the pilot that the geometry relating target and missile is such
that the missile has a good chance of intercepting the target. Whether
. or not a missile can successfully interrupt a target depends to a large
degree on target velocity and acceleration. The use of a target acceler-
atlon and velocity estimator such as the one proposed in this report
could be used to generalize the launch aircraft fire controller to in-

:clude the case of maneuvering targets.

v
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